We analyze the complex level structure of ions with many-valence-electron open [Kr] 4d m subshells (m=7-4) with ab initio calculations based on configuration-interaction many-body perturbation theory (CI+MBPT). Charge-state-resolved optical and extreme ultraviolet (EUV) spectra of Sn 7+ -Sn 10+ ions were obtained using an electron beam ion trap. Semi-empirical spectral fits carried out with the orthogonal parameters technique and cowan code calculations lead to 90 identifications of magnetic-dipole transitions and the determination of 79 energy ground-configuration levels, questioning some earlier EUV-line assignments. Our results, the most complete data set available to date for these ground configurations, confirm the ab initio predictive power of CI+MBPT calculations for the these complex electronic systems.
We analyze the complex level structure of ions with many-valence-electron open [Kr] 4d m subshells (m=7-4) with ab initio calculations based on configuration-interaction many-body perturbation theory (CI+MBPT). Charge-state-resolved optical and extreme ultraviolet (EUV) spectra of Sn 7+ -Sn 10+ ions were obtained using an electron beam ion trap. Semi-empirical spectral fits carried out with the orthogonal parameters technique and cowan code calculations lead to 90 identifications of magnetic-dipole transitions and the determination of 79 energy ground-configuration levels, questioning some earlier EUV-line assignments. Our results, the most complete data set available to date for these ground configurations, confirm the ab initio predictive power of CI+MBPT calculations for the these complex electronic systems.
I. INTRODUCTION
The electronic structure [Kr] 4d m (m=7-4) of the highly charged ions (HCI) Sn 7+ -Sn 10+ is extremely complicated due to the many electrons that occupy their open 4d sub-shell, and remains inaccessible to even some of the most advanced atomic theories. Furthermore, the unresolved transition arrays [1] formed by the Sn ions are particularly useful for the production of 13.5-nm-wavelength extreme ultraviolet (EUV) radiation for nanolithographic applications [2] [3] [4] [5] . Unfortunately, experimental assessments [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] of spectral data are hampered by the prevalence of strong configuration interaction contributions, and by a high density of states which approaches the quantum-chaos regime for high excitation energies [21] [22] [23] [24] . In a recent study [16] , we found evidence calling for a revision of earlier identifications [19, 20] in Sn 11+ -Sn
14+
ions having 3 to 0 electrons in their 4d sub-shell, and successfully demonstrated the suitability of Fock space coupled cluster (FSCC) calculations for systems with up to two valence electrons or holes. We now investigate other charge states relevant for the EUV production in plasmas, namely Sn 7+ -Sn 10+ . We focus on optical spectroscopy in the present work, which can resolve the complex manifold fine-structure splittings of these ions. Therefore, the analysis of optical transitions in heavy multi-electron, open-shell ions enables the most stringent tests of ab initio atomicstructure calculations of strongly correlated systems with non-negligible many-electron Breit contributions. For such systems, a suitable theoretical tool is a combina- * f.torretti@arcnl.nl tion of configuration interaction and many-body perturbation theory (CI+MBPT). The CI+MBPT method was first developed to very accurately treat neutral thallium as a three-valence-electron atom [25] . Since then, it has been markedly successful in treating also four- [26] [27] [28] [29] and even five-valence-electron [30] systems. However, as the number of valence electrons increases, it becomes less accurate. A recent extension of the CI+MBPT method, used here, includes particle-hole interaction, and improves the accuracy of the calculations [31] . This makes it possible to treat systems with several vacancies which, e.g., are currently inaccessible to FSCC calculations.
We present charge-state-resolved optical and EUV spectral measurements of Sn 7+ -Sn 10+ ions trapped in an electron beam ion trap (EBIT), FLASH-EBIT [32] , at the Max Planck Institute for Nuclear Physics (MaxPlanck-Institut für Kernphysik, MPIK) in Heidelberg. EUV spectra were obtained simultaneously with the optical ones in order to identify the charge states and assign the optical lines to them. Then, we compare the Sn 7+ data to the level structure accurately determined in Ref. [6] , whereby a good agreement further validates our charge state assignments. Subsequently, we perform line and level identifications for Sn 8+ -Sn 10+ using semiempirical calculations by employing the orthogonal parameters technique [33, 34] and the cowan code [35] . The observed Ritz combinations strongly support our semi-empirical spectral analysis. Analogous to our recent work [16] , we compare our experimental findings to previous level structure determinations from measurements of EUV spectra [18] and find noteworthy discrepancies. Armed with these experiment-fitted level structure, we test our state-of-the-art ab initio CI+MBPT calculations, and find them in very good agreement with the data. Both the important practical applications of the ions under study as well as the relative novelty of using CI+MBPT calculations for systems with such large numbers of valence electrons make our theory-experiment comparisons very valuable.
II. EXPERIMENT
Tin ions were produced and subsequently trapped and excited using FLASH-EBIT [16, 32] . In this device, the electron beam is compressed to a diameter of approximately 50 µm by the 6 T magnetic field generated by a pair of superconducting coils in Helmholtz configuration. Tin atoms were brought to the trapping region by injecting a tenuous molecular beam of tetra-ipropyltin (C 12 H 28 Sn), which dissociated while crossing the electron beam. Tin HCI were subsequently produced through electron impact ionization, while tuning the electron beam acceleration potential allowed the selection of the desired charge states. The heavier tin HCI were trapped longitudinally by the trapping potential created using a set of drift tubes and radially by the electron beam space-charge potential, while the lighter elements in the compound (C, H) escaped from the trap. Electron collisions populate levels close to the corresponding ionization continua and profusely induce fluorescence which was recorded by two instruments: a flat-field grating spectrometer and a Czerny-Turner spectrometer for EUV and optical emissions, respectively.
In the EUV spectrometer [36] , light emitted by the trapped ion cloud is diffracted by a 1200 lines/mm flatfield, grazing-incidence grating [37] and recorded with a Peltier-cooled charge-coupled device (CCD) sensor. Calibration was performed using resolved bright lines of Sn in the 12-17 nm range, for which the wavelengths were known from Ref. [18] , yielding a root-mean-square deviation of the calibration function residuals of 0.03 nm. Typical observed line widths are in the order of 0.04 nm, giving an experimental resolving power λ/δλ of approximately 300 in the region near 13.5 nm.
In order to measure optical spectra, FLASH-EBIT is equipped with two in-vacuo and two in-air lenses imaging the ion cloud onto the entrance slit of a 320-mm-focallength Czerny-Turner spectrometer equipped with a 300-lines/mm grating. For wavelength calibration Ne-Ar and Hg spectral lamps were used, depending on the spec-tral region. They exhibited an instrument-dominated line width of approximately 1 nm at full-width at halfmaximum (FWHM) around 400 nm. This setup, despite its relatively low resolving power compared to typical work of the MPIK group, is very convenient for quickly covering the whole optical range in these cases where no data were available.
A typical acquisition cycle consisted of a short calibration of the optical spectrometer, and a series of 30-minute-long simultaneous exposures of both the optical and EUV spectrometers. After each acquisition the electron beam acceleration potential was increased by 10 V, stepping from 137 V to 477 V at a constant beam current of 10 mA. This low current gives rise to a modest space-charge potential correction of approximately 25 V [16, 36] . The chosen range of the acceleration potential enabled the production of charge states from Sn 7+ up to at least Sn 14+ [16] . After each energy scan the grating was rotated to measure an adjacent wavelength range while keeping a certain overlap. Next, the acceleration potential was stepped through its entire range again. This procedure was performed thrice, encompassing the full accessible wavelength range from 260 to 780 nm. Gaussian fits were carried out to determine the centroid positions of the recorded lines. Associated error bars of approximately 0.4 nm are dominated by the calibration uncertainty [16] . Intensities are taken from the Gaussian fits and corrected for the grating efficiency.
III. THEORY
Two calculation methods are presented in this work. First, we present dedicated ab initio CI+MBPT calculations performed with the ambit code, and benchmark them by comparison with our experimental data. Second, in order to identify the measured transitions and the associated energy levels we utilize semi-empirical calculations using orthogonal energy scaling parameters which can be tuned to fit the spectral data. We also use the cowan code results on weighted transition rates gA to predict line strengths and branching ratios.
A. CI+MBPT
The detailed electronic structure of Sn 7+ -Sn 10+ was calculated using the ambit code which combines configuration interaction and many-body perturbation theory (CI+MBPT). Full details of this method have been presented previously [26, 30, 31] . Here we explain some of the physics and details relevant to the current calculations of tin ions. A more formal discussion, including mathematical details, may be found in Ref. [26] . Atomic units (h = m e = e = 1) are used in this section.
We start with a Dirac-Fock (relativistic Hartree-Fock) calculation in the V N approximation. In this approximation all N electrons of the tin ion are included in the self-consistency procedure, creating a Dirac-Fock potential and electron orbitals that are optimized for the [Kr] 4d m ground-state configuration. This is particularly important for this study because between m = 4 and 7, the 4d orbitals pass through the half-filled sub-shell (4d 5 ), in which the exchange contribution is maximal. We will use Sn 9+ (m = 5) as a working example in the following. A large orbital basis is formed by diagonalizing a set of B-splines [38] [39] [40] over the Dirac-Fock operator
The resulting basis is then ordered by energy. The lowest few valence orbitals in each wavefunction are close to their "spectroscopic" counterparts, while the higher energy orbitals, so-called pseudostates, include large contributions from the continuum. We now form a set of many-body configurations for the CI method. The CI basis includes all configurations formed by allowing single and double excitations from the 4d 5 ground-state configuration up to 8spdf orbitals (i.e. including 5s -8s, 5p -8p, 4d -8d, and 4f -8f orbitals). The configurations included in CI are defined to be within a subspace here denoted P ; all others are within its complementary subspace Q. For each configuration, a complete set of projections is generated, specifying the total angular momentum and projection of each electron in the configuration. These projections are diagonalized over theĴ 2 operator to obtain configuration state functions (CSFs). The CSFs are diagonal in total angular momentum, projection, and relativistic configuration, and they form the CI basis which we denote |I . All CSFs corresponding to configurations in the subspace P are included in CI.
The many-electron wavefunction ψ is expressed as a linear combination of CSFs from the subspace P ,
where the C I are obtained from the matrix eigenvalue problem. The Hamiltonian for the CI problem iŝ
where the indices i and j run over the valence electrons only. Note that the one-body operatorĥ CI is not equal to the Dirac-Fock operator:ĥ CI has a potential term V Ncore due to the core electrons only. Therefore, the basis orbitals are not eigenvalues of the one-body CI operator, which must then be included explicitly.
Because the size of the CI matrix grows rapidly with the inclusion of additional orbitals, we must account for these configurations using many-body perturbation theory. The matrix-eigenvalue equation for the combined CI+MBPT method in second-order of perturbation the-ory is
where the CSFs |M belong to configurations outside of the subspace P . They are, in fact, in the subspace Q.
Because of the extremely large number of CSFs in the subspace Q, it is prohibitively expensive computationally to modify all matrix elements H IJ directly. Instead, the CI+MBPT method includes Eq. (3) by modifying the radial integrals of the one and two-body matrix elements [25] . The Slater-Condon rules for calculating matrix elements of Slater determinants ensure that this is equivalent to Eq. (3), except for the energy denominator (for a detailed discussion beyond the scope of this work, see [25, 26, 41] ). Because in this workĥ DF =ĥ CI , so-called 'subtraction diagrams' must be included with terms proportional toĥ CI −ĥ DF . These diagrams can become very large when there are many valence electrons since V Ncore − V N is large, but there is cancellation between some of the largest subtraction diagrams and the three-body MBPT operator [30] . For this reason it is important to include three-body operators when calculating these tin ions. An alternative is to calculate the orbitals in the V N −m approximation (equal to V Ncore ) as suggested in Ref. [42] ; however, in this case the orbitals are much further from "spectroscopic", and the CI basis must be made considerably larger to correct them. In this work all one, two, and three-body second-order diagrams are included.
Until recently, only core-valence correlations were taken into account using MBPT. These correlations incorporate the effects of configurations |M , which include an excitation from the N core electrons. It was shown in Ref. [31] that valence-valence correlations could also be included in the same manner. Thus, in the current work, valence-valence correlations with excited orbitals up to 30spdf g are included; this incorporates the effect of configurations that have one or two pseudo-orbitals above 8spdf , but have no core excitations. Furthermore, for the first time, the valence-valence subtraction diagrams presented in Ref. [31] are also included. They vanished in that work becauseĥ DF was the same asĥ CI , but play a role in the present context.
Finally, Breit and Lamb shift corrections are taken into account. The latter include the vacuum polarization (Uehling) [43] and self-energy [44] corrections in the radiative potential formulation of Flambaum and Ginges [45] . Because both of these effects arise from the electron density near the nucleus, they have a fairly constant ratio for all the levels we calculated. The ion Sn 9+ has a half-filled 4d-shell, and for it the results are presented broken down into different contributions (Table I ). The MBPT corrections are separated into core-valence contributions, Σ core (which correspond to unfreezing of the 4sp3d core), and valence-valence contributions, Σ val (introduced in Ref. [31] ), which account for configurations that include orbitals above 8spdf . The column marked QED shows the vacuum polarization and self-energy corrections. The Sn 9+ and Sn 10+ ions were treated with CI+MBPT calculations using only electron excitations (the approach of Refs. [25, 26] ). However, as the number of valence electrons increases, this electron-only approach becomes inaccurate due to very large contributions from the subtraction diagrams. To avoid this inaccuracy, the particle-hole CI+MBPT calculations are instead used for the Sn 7+ and Sn 8+ ions. This approach, described in Ref. [31] , places the Fermi level above the 4d shell and treats the 4d m ground-state configuration as a corresponding number of valence holes in an otherwise filled shell. That is, the one-body CI operator includes the potential due to a completely filled 4d shell, V Ncore+10 . Our complete CI+MBPT results for Sn 7+ and Sn 8+ in this particle-hole framework are presented in Tables II,  III , IV, V, and VI together with the results for Sn 9+ and Sn 10+ .
B. Orthogonal Energy Parameters
Line and level identifications in the Sn 8+ -Sn 10+ ions were performed using the ab initio mcdf (multiconfiguration Dirac-Fock) code [46] , followed by semi-empirical calculations based on the orthogonal energy scaling parameters methods for the predictions of the energy levels. The orthogonal parameters method [34, 47] has several advantages in comparison with the more usual Slater-Condon approximation, as for instance used in the cowan code [35] . Firstly, the energy parameters are maximally independent, facilitating the fitting of the radial integrals of the interactions to experimental energy levels. Secondly, it is possible to include an additional number of small interactions, such as two-particle magnetic and three-and four-particle electrostatic parameters. These qualities of the orthogonal parameters method, in general, improve the agreement between calculated and measured energy levels when sufficient experimental data are available to fit its parameters. This method has been shown to be apt even for complex electronic configurations, where configuration-interaction plays a relevant role [33] . For instance, it has been applied successfully in the identification of 4d 4 -4d 3 5p transitions in Pd 6+ [48] reducing the standard deviation of the fits up to nine times compared to the cowan code.
Prediction of the energy levels in the 4d 6 -4d 4 configuration in the Sn 8+ -Sn 10+ spectra was performed by interpolation of the energy parameters between Sn
, and Sn 12+ (4d 2 ) [16] . These spectra were recalculated in the framework of the orthogonal parameters to determine the scaling parameters needed for the interpolation (see also subsection IV C).
The transition probabilities of the magnetic dipole (M 1) transitions were calculated using the cowan code.
In first approximation, the cowan code energy levels were fitted to the energy levels predicted with the orthogonal parameters method to determine the level wavefunctions. The transition probabilities estimated with these wavefunctions were then used for the spectrum analyses and for the identification of the spectral lines. The energy levels established from the identified lines were optimized using Kramida's code lopt [51] . The line uncertainty relevant for the optimization was taken to be 0.4 nm corresponding to 60 cm −1 at 260 nm and 10 cm −1 at 600 nm. The uncertainty was increased only for doubly classified (i.e. lines that can be ambiguously assigned to two transitions), blended or masked lines. Final transition probabilities were obtained after the fitting of the cowan code to the experimentally established levels. The details of the identifications are given in the following section.
IV. RESULTS
In the following, we present optical and EUV spectra of tin ions in the resolved charge states Sn 7+ -Sn 10+ (see Figs. 1, 2, and 3). We interpret the data using orthogonal parameters and semi-empirical cowan code calculations, delivering the most complete data set available to date for the ground configurations of Sn 8+ -Sn 10+ (with the semi-empirical results providing data also on level energies that were not directly probed experimentally). A detailed comparison of the thus obtained lines and levels with the CI+MBPT calculations is presented. Furthermore, we perform a comparison with energy levels available from existing data obtained in the EUV regime. We discuss first the charge state identification and second the line identifications. All results are summarized in Tables II, III , IV, V, and VI. The result of line and level identifications is presented in the form of Grotrian diagrams in Fig. 4 .
A. Charge state identification
In an EBIT, charge state identification can be performed by evaluating the intensities of groups of spectral lines belonging to the same charge state as a function of the electron beam acceleration potential [16, 36, 52] . The doubly-peaked structure of the Sn 10+ fluorescence curve (cf. Fig. 3 ), and its premature onset, has been previously observed in the optical domain for the charge states Sn 11+ -Sn 14+ [16] . This phenomenon was interpreted as being caused by the existence of strongly populated high-J metastable states. They act as stepping stones for reaching the next charge state at an energy below the corresponding ionization threshold, which is derived from the ground state binding energy. Moreover, as in Ref. [16] , we observe that the onset of charge breeding of Sn 8+ and Sn 9+ takes place well before the respective ionization potentials are reached. Once again, this is a signature of the presence of metastable states. In this work, the charge state identification was somewhat hampered due to the low-energy onset of the charge states Sn 7+ , Sn 8+ , and Sn 9+ , which could not be clearly discerned in the optical data. Therefore, we relied on simultaneously obtained charge-state-resolved EUV spectra to assign optical spectra to their respective charge states. The EUV spectra were compared to previously observed clusters of lines [17, 18] , as shown in Fig. 2 . These lines stem from transitions to the ground configurations [Kr] 4d m (m=7-4) from the 4p 6 4d m−1 4f +4p 5 4d m+1 excited electronic configurations. Four main features have been identified in the EUV spectra that could reliably be attributed to the charge states of interest. Therefore, tracking these features as a function of the electron beam acceleration potential and comparing them to their counterparts in the optical enabled the charge-state assignment, as shown in Fig. 3 .
B. Line and energy level identification
The wavelengths and intensities of the spectral lines for each identified charge state were extracted at the acceleration potential that maximized its yield. Listed in Tables IV and V are their centers and integrated intensities obtained by Gaussian fits. A direct comparison to the CI+MBPT calculations is also displayed. Deviations from the experimental data are quantified by the mean difference and standard deviation between theory and experiment for all measured transitions (see Table II ). We find very good agreement with experiment for all Sn ions studied. In the following, the results per charge state are discussed in detail.
Spectrum of the Sn
7+ ion
All levels of the 4d 7 configuration in Sn 7+ are known from the analysis of the 4d 7 -4d 6 5p transitions in the EUV region [6] , with estimated uncertainties of less then 12 cm −1 . The position of the M 1 optical transitions can be accurately obtained from the energy differences of these levels. Weighted transition rates gA for these M 1 transitions were calculated by the cowan code to facilitate the comparison, shown in Table IV , of the eight lines measured in this work with the energy levels in Ref. [6] . Most of the transitions that are predicted from the available structure [6] have a relatively small calculated gA value, and as such are not observable in our experiments. Three of the predicted stronger transitions (here taking gA > 35 s −1 ), at 372.1 nm ( 2 F 5/2 -2 D 3/2 ), nearby 372.6 nm ( 2 G 9/2 -2 F 7/2 ), and at 488.4 nm wavelength ( 2 G 7/2 -2 F 7/2 ), were not reliably identified. In all three instances, this can be explained by line blending and by masking of such transitions by stronger emissions of the other charge states in the trap. The differences between our experimental wavelengths and wavelengths predicted from Ref. [6] are well within mutual uncertainties, which are dominated by the 0.4 nm uncertainty in our spectrometer calibration. Branching ratios cannot straightforwardly be used for comparison purposes, as the relevant observed transition sets (between levels 1-8/2-8, and 15-18/16-18, see Table IV and Fig. 4 ) are affected by blends with neighboring lines. We do not experimentally re-investigate the 4d 7 configuration in Sn
7+
level structure, because of the limited number of lines here well resolved and the high-accuracy and detailed results available from Ref. [6] . The good agreement between the present data and previous experimental observations serves as further validation of our charge state identifications.
Spectrum of the Sn 8+ ion
The list of the identified transitions between levels within the 4d 6 configuration is presented in Table V . In total, 22 spectral lines were uniquely identified. Of these, we found 17 levels connected to the ground 5 D 4 level. Identification of nine levels is supported by observation of 11 Ritz combinations. The level energies, optimized by lopt [51] , are presented in Table VI with their respective uncertainties. The fitting of the orthogonal parameters was performed with these optimized levels. The resulting optimized sets of parameters are given in Table VII . The 354.8, 360.2, and 381.2 nm lines are isolated lines, i.e. the upper and lower levels of these lines are not involved in any other transition. Therefore, the lower levels of these isolated transitions were placed at the position as calculated with the orthogonal parameters method, with an estimated uncertainty of 16 cm −1 (one-standarddeviation value of the orthogonal parameters fit to the experimental values). These levels were not used in the parameter fitting procedure.
Most levels can be uniquely designated by the largest contributor in the LS-coupling decomposition of their wavefunctions. For example, the level labeled 5 D 3 in Table VI is [55] . Two exceptions are the 1 S 0 (4) and 3 F 4 (2) levels, which we uniquely designate by the second-largest component of the wavefunction decomposition.
There are seven branched upper levels (numbered 6, 9, 11, 20, 21, 27, and 30 in Table VI , cf. Fig. 4) . Most of the associated cowan-calculated branching ratios are in reasonable agreement with the experimental data, except for lines affected by blends (such as in the ratios 9-21/11-21 and 0-9/1-9) or for short-wavelength transitions below 300 nm (featuring in the ratio 0-11/1-11 at 293.3 nm), the intensity of which are affected by a significant drop of detection efficiency. This reduction could not be assessed in our experimental setup.
The levels of Sn
8+ found from EUV measurements on vacuum sparks [18] belong to four disjointed groups, where levels within a single group are connected to each other by measured lines but no transitions were identified connecting the different groups. The uncertainty of the level energies within each of the groups was estimated at 10 cm −1 , but between the groups as several 100 cm −1 . For this reason in Table VI , which contains comparison of the energies of these levels (E vs ) with our results (E exp ), the four groups are identified by their respective uncertainties z i (i=1-4, as given in Ref. [18] ). These values should be interpreted as systematic common shifts, with respect to the ground state. Statistics of the differences ∆E vs (see Table VI ) between previous identifications and the current experimental results provide a meaningful comparison between the two data sets. It is found that the two levels with shift z 1 are consistent with the present experimental values, with differences ∆E vs equaling −36 and −22 cm −1 , the scatter in which is well within the uncertainty of 16 cm −1 obtained from the orthogonal parameter fitting of the experimental data. In contrast, the average value of z 2 is found to be 270 ± 377 cm −1 , where the latter number represents the one-standard-deviation spread in the former. This large spread, compared to the experimental uncertainties (see Table VI ), indicates that the respective levels from the previous work [18] are not consistent with the present experimental values and that the classification of EUV transitions therein requires a revision. The consistency of the remaining shifts for Sn 8+ , z 3 and z 4 , cannot be ascertained from our data. Table VI with their respective uncertainties. The parameter fitting to the available levels resulted in an uncertainty of 41 cm −1 (one-standarddeviation of the fit). As in the case of Sn 8+ , the majority of the levels can be uniquely designated by the largest component of the LS-coupling decomposition of the wavefunction. Four levels are named by the secondlargest component. Only a single transition, at 399.9 nm wavelength, is found to be isolated. Thus, as before, the energy for the corresponding lower level 4 F 5/2 was assumed to be equal to the value obtained from the orthogonal parameters method. These two isolated levels were not used in the parameter fitting. In addition to the agreement with the calculations, 15 levels are connected by transitions composing four Ritz combination chains, thus further supporting the identifications.
From the analysis of EUV vacuum spark observations [18] , 21 levels of the 4d 5 configuration were found as one group not connected to the ground 6 S 5/2 level in the Sn 9+ spectrum. The uncertainty of these levels relative to the ground level was estimated as several 100 cm −1 common to the whole group, as indicated by the single value z 5 in Table VI . As in Sn 8+ , the comparison between vacuum spark measurements and the current results allows to obtain information on the systematic uncertainty z 5 . We find that the average value of this systematic shift is 460 ± 422 cm −1 , the one-standard-deviation spread of which exceeds the current uncertainty of 41 cm −1 by a factor ten, and therefore points to inconsistencies in the previous assignments. From the statistics of the differences ∆E vs (see Table VI ), we identify two groups of levels with common deviations 131 ± 10 and 197 ± 13 cm −1 . These groups comprise four (level numbers 3, 12, 13, and 24) and five levels (numbered 1, 4, 5, 6, and 14), respectively. However, the identification in Ref. [18] of more than half of the levels in the Sn 9+ 4d 5 configuration presents too large deviations (∆E vs > 250 cm −1 ) from current values. 6 Total angular momentum J
FIG. 4. Grotrian diagrams for the ions Sn
7+ -Sn 10+ . The energy levels in blue are determined experimentally, for Sn 7+ they are taken from [6] , whereas the Sn 8+ -Sn 10+ energy levels are results of this work (see Table VI ). Green levels in Sn 8+ -Sn
10+
could not be determined experimentally, and thus the values from orthogonal parameters calculations are used. Levels in red are calculated with the ambit code. Arrows indicate experimentally observed optical transitions. Orange arrows indicate transitions which are part of one or more Ritz combinations.
Spectrum of the Sn 10+ ion
The list of 26 identified lines between the levels of the 4d 4 configuration is presented in Table V . Three of these (at 297.4, 328.1 and 614.1 nm wavelength) are doubly classified because they can be ambiguously assigned to two transitions. The measured intensities of the branched transitions (from upper levels 20, 21, 26, and 27 in Table VI, cf. The level energies obtained from the analysis of the experimental spectra belong to two isolated groups. One group consists of 23 levels with the 5 D 1 level being the lowest in energy. The remaining four levels numbered 2, 7, 9, and 22 form another group. Their relative energy values are optimized using lopt [51] and are collected in Table VI . All of the found levels can be uniquely designated by the largest component of the LS-coupling decomposition of the wavefunction. The position of the two groups relative to the ground 5 D 0 level could not be established from the present identifications. Thus, we assume the spacing between the 5 D 1 and 5 D 0 to be equal to the values obtained from the orthogonal parameters method, with a one-standard-deviation uncertainty of 14 cm −1 obtained from the fit. In a similar fashion, the value calculated employing the orthogonal parameters method was assigned to the lowest, 5 D 2 level of the smaller group. The thus determined energy levels of these groups fall well within statistical uncertainties of the calculated values (cf. ∆E orth in Table VI ). However, they were not used in the fitting procedure to determine the energy parameters shown in Table VII. The level energies thus obtained in this work can be compared to the levels established in Ref. [18] as determined from EUV spectra. The levels in that work form four isolated groups, three of which are not connected to the ground level. The uncertainties in relative positions of these three groups were estimated to be several 100 cm −1 [18] , parameterized by the values z 6,7,8 in Table VI. Analogous to the cases of Sn 8+ and Sn 9+ , the differences ∆E vs are used to probe the agreement of our results with the previous analysis. We find average values for the shifts z 6 = 339±95 cm −1 and z 7 = 383±43 cm −1 , when removing a single outlier in the latter group (level number 14). These one-standard-deviation values are reasonably consistent with the experimental uncertainties. Thus, our data support the identification of five levels with shift z 6 and seven levels of the z 7 group. The outlier, as well as the levels with shift z 8 , show much larger discrepancies implying that affected energy levels in Ref. [18] are called into question.
C. Orthogonal scaling parameters
The orthogonal parameters for the isonuclear sequence Sn 6+ -Sn 12+ obtained from a fit to the experimental levels are collected in Table VII . Here, the orthogonal parameters O2, O2 , E a and E b are the orthogonal counterparts of the traditional cowan parameters F 2 , F 4 , α and β [16, 35] . The one-electron magnetic (spin-orbit) operator ζ(4d) and the effective three-particle electrostatic operators T 1 and T 2 are the same as in the cowan code and (A c -A 0 ) are additional two-particle magnetic parameters. The fitting was performed for the matrices of the interacting 4d k +4d k−1 5s+4d k−2 5s 2 configurations, k=8-2 for Sn 6+ -Sn 12+ respectively. The energy parameters of the unknown 4d k−1 5s+4d k−2 5s 2 configurations therein were fixed at the mcdf-calculated values for the average energies and spin-orbit interactions. The corresponding electrostatic and configuration interaction parameters (the latter ones calculated by the cowan code) were also kept fixed for the 4d k−1 5s+4d k−2 5s 2 configurations, after scaling them by 0.85 from their ab initio values. The average energy E av is defined such that the ground level energy of the 4d k +4d k−1 5s+4d k−2 5s 2 configurations is equal to zero. The two-particle magnetic parameters (A c -A 0 ) were fixed to the mcdf-calculated values in all instances. For better stability of the fitting parameters, E b in Sn 11+ and E a in Sn 12+ were fixed to the extrapolated values.
Table VII furthermore contains the ratios of the fitted parameters to the parameters obtained from mcdf calculations. Along the Sn 6+ -Sn 12+ isonuclear sequence the orthogonal energy parameters and the scaling factors can be approximated by linear or weak quadratic dependencies as is visible from Fig. 5 for the O2 and O2 parameters. However, the scaling factor for the average energy presents a discontinuity going from the 4d 5 to 4d 6 configurations. Fig. 5 Ag 6+ , Pd 5+ ), which may be related to the fact that the 4d 5 configuration is a half-filled shell. This physical phenomenon, resulting from the maximal exchange contribution in half-filled shells, yields for them a higher binding energy. It is also the cause for the often discussed and somewhat anomalous ground state configurations of the chemical elements Cr (3d 5 4s), Mn (3d 5 4s 2 ), Mo (4d 5 5s), and Tc (4d 5 5s 2 ), and analogously for Eu (4f 7 5s 2 p 6 6s 2 ), Gd (4f 7 5s 2 5p 6 5d 1 6s 2 ), Am (5f 7 6s 2 6p 6 7s 2 ) and Cm (5f 7 6s 2 6p 6 6d 1 7s 2 ). The ab initio mcdf calculations do not accurately account for this exchange contribution, and thus the required empirical correction does not follow a continuous trend, otherwise seen in the filling of the nd m sub-shell in the isonuclear sequences observed in this experiment and earlier work [48, [56] [57] [58] [59] [60] [61] [62] (cf. Fig. 5 ). In contrast to this, our CI+MBPT calculations with ambit include this effect from the start.
V. CONCLUSIONS
We performed optical and EUV spectroscopy on open 4d-shell ions Sn 7+ -Sn 10+ in a charge-state-resolved manner using an electron beam ion trap and recorded 90 magnetic dipole transitions. Line and level identifications were performed using the semi-empirical orthog-onal parameters method and cowan code calculations. Our measurements of transitions in the ground configuration of Sn 7+ are in good agreement with previous measurements in the EUV [6] . The lines and level energies obtained for the 4d m (m=6-4) configurations in Sn 8+ -Sn 10+ present the most complete data available to date for these ground configurations, with a total of 79 energy levels experimentally determined. Analogous to our recent work on Sn 11+ -Sn 14+ [16] , we conclude that the classification of certain cataloged EUV transitions in previous work [18] needs to be revised. Furthermore, these many-valence-electron, open-4d shell ions provide an excellent testing ground for state-of-the-art CI+MBPT calculations, performed with the ambit code. Our ab initio calculations are shown to be in very good agreement with our data, validating the predictive power of this theoretical method for these until now challengingly complex electronic systems.
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Appendix: Tables
In this appendix, the tabulated values for all experimentally determined and calculated quantities are presented. Table IV collects the measured M 1 transitions of Sn 7+ . Comparison is made between these transitions, the transitions as inferred from the levels determined in Ref. [6] , and the transitions predicted by CI+MBPT theory. Moreover, in Table III , the ambit-calculated energy levels of the 4d 7 ground configuration of Sn 7+ are compared to the level energies determined experimentally in Ref. [6] . Table V shows the wavelengths of the lines measured in the optical domain, along with their identification and values as determined from ambit calculations.
The energy levels of the ground configuration of the ions Sn 8+ -Sn 10+ are given in Table VI . Here the level energies optimized with Kramida's lopt [63] are shown alongside with the levels calculated with the orthogonal energy parameters method, the results of CI+MBPT calculations, and levels from previous work [18] . Finally, the orthogonal parameters used in the semi-empirical calculations are collected in Table VII . for Sn 7+ (all in cm −1 ). The level energies Eexp were experimentally determined in Ref. [6] and are provided along with their approximate LS-term. ECI+MBPT are energy levels calculated by the ambit code. The difference between the two data sets ∆ECI+MBPT = Eexp − ECI+MBPT are presented in the last column. 7 . Spectra recorded at acceleration potential of 157 V, which yielded maximum fluorescence signal. Intensity integrals from Gaussian fits were corrected for the grating efficiency. Wavelengths λRitz are determined from the energy levels of Sn 7+ given in Ref. [6] . Transition probabilities gAij,cowan are calculated with the cowan code based on those levels. Wavelengths λCI+MBPT are ab initio results from our CI+MBPT calculations. "Transition" column shows lower and upper levels as used in Fig. 4 . Approximate LS-terms are given in the last column. Numbers in brackets are sequential indices as defined by Nielson and Koster [55] ions at the acceleration potential maximizing ion fluorescence. Intensities are taken from Gaussian fits and corrected for the grating efficiency. Wavelengths λ orth are calculated from level energies from Table VI . Transition probabilities gAij,cowan are determined with the cowan code using the same level energies. Wavelengths λCI+MBPT calculated ab initio with the ambit CI+MBPT code. "Transition" refers to levels shown in Fig. 4 . Configurations and approximate LS-coupling terms are given in the last two columns (the numbers in brackets are sequential indices [55] for distinction of levels with the same LSJ values). The superscript bl indicates line blends, and the superscript D marks doubly classified lines (i.e. which can be ambiguously assigned to two transitions).
Ion
Vmax λexp Intensity λ orth gAij,cowan λCI+MBPT Transition Configuration Term symbol (V) (nm) (arb. units) (nm) (s −1 ) (nm) (see Fig. 4 [51] based on the measured transitions. Levels labels use approximate LS-coupling terms. Numbers in brackets display sequential indices [55] to differentiate levels having the same LSJ values. Uncertainties xj (j = 1 − 5) and y are given as the one-standard-deviation of the orthogonal parameters fit for the respective configuration: x1,2,3 = ±16 cm −1 ; x4 = ±41 cm −1 ; x5 = y = ±14 cm −1 . The dispersive energy uncertainty D1 is close to the minimum uncertainty of separation from other levels, and the energy uncertainty D2 is that relative to the ground level of the configuration (cf. [51] ). N is the total number of lines connected to the level. E orth values are semi-empirical energy levels calculated with the orthogonal parameters in Table VII. The ECI+MBPT values are ab initio energy levels calculated using the ambit CI+MBPT code. Differences between experimental and calculated values appear in columns ∆E orth (Eexp − E orth ) and ∆ECI+MBPT (Eexp − ECI+MBPT). Energies determined from previous vacuum spark measurement [18] shown as Evs; ∆Evs = Eexp − Evs, their deviations. Uncertainties in the systematic common shifts of the identified level groups zi (i = 1 − 8) [18] are of the order of several hundreds of cm −1 (see main text). The uncertainty of the relative level energies within each of these groups was estimated at 10 cm −1 . n/a n/a n/a n/a 0. n/a n/a ζ(4d) 4563(3) 1.017 4783(6) 1.013 5038(11) 1.016 T 1 -6.6(0.1) -9.72(1.0) n/a n/a T 2 0.37(0.16) n/a n/a n/a n/a σ 14 20 32

